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Atom  Counting  at  Surfaces 

David  L.  Pappas,  David  M.  Hrubowchak,  Matthew  H.  Ervin, 
Nicholas  Winograd 


Multiphoton  resonance  ionization  has  been  combined  with  energetic  ion  bombard¬ 
ment  to  examine  dopant  concentrations  of  indium  on  the  surface  of  silicon.  The  results 
yield  a  linear  relation  between  the  indium  concentration  and  the  known  bulk  values 
and  a  detection  limit  of  9  parts  per  trillion,  at  a  mass  resolution  exceeding  160.  This 
measurement,  which  surpasses  the  limits  of  any  previous  surface  analysis  by  a  factor  of 
100,  has  been  made  possible  with  an  experimental  configuration  that  optimizes 
sampling  and  detection  efiiciency  while  reducing  background  noise  to  virtually  zero. 
During  the  analysis,  submonolayer  quantities  of  the  surface  are  removed,  so  that  as  few 
as  180  surface  atoms  may  be  counted. 

IT  IS  NOW  POSSIBLE  TO  SPECTROSCOPi-  tioii  of  just  i  fcw  hundred  surface  atoms, 

call)'  detect  extreme!)’  low  concentra-  The  metiiod  has  been  applied  to  die  studs'  of 

tions  of  atoms  and  molecules  in  bulk  low  concentrations  of  dopants  at  semicon- 

phases.  For  example,  researchers  have  been  ductor  surfaces. 

able  to  count  single  atoms  of  gaseous  cesium  The  experimental  system  used  tor  these 
ditfiising  through  the  path  of  a  laser  beam  measurements  has  been  described  (5,  H). 

by  taking  advantage  of  the  detection  selec-  Brieflv,  a  pulsed  beam  of  Ar'  ions  (5.6  |xs, 

tis  it)’  and  efficiency  of  multiphoton  reso-  10  keV)  is  directed  upon  the  sample  at  45° 

nance  ionization  (MPRl)  spectroscopy  (/).  incidence,  thereby  desorbing  some  fraction 

Similar  experiments  have  allowed  the  collec-  of  the  surface  material.  A  few  hundred  nano- 

tion  of  one  molecule  of  ga.seous  naphthalene  seconds  later,  the  frequency-doubled,  unft)- 

out  of  four  pre,sent  in  the  ionization  volume  cu.sed  output  of  a  neodyniuni:  \Ttrium-alu- 

(2).  In  .solids  or  liquids,  a  varict)'  of  method-  minimum-garnet  pumped  dye  la.ser  is  intro- 

ologics  such  as  neutron  activation  analysis  duced  through  the  cloud  of  ejecting  parti- 

and  secondan'  ion  and  glow  discharge  mass  cles,  resonantly  ionizing  the  neutral  species 

.spectrometries  offer,  in  special  circum-  of  interest.  The  photoions  arc  extracted  into 

stances,  exceptional  detection  limits  exceed-  a  TOF  mass  speerrometer  equipped  with  an 

ingone  atom  in  lO'"  background  atoms  (.1).  ion  reflector  and  are  subsecpientiv  detected 

The  detection  of  a  small  number  of  atoms  bv  a  dual  micrtKhannel  plate  assembly.  Mass 

at  solid  surfaces  has  not  yet  been  possible,  spectra  are  recorded  with  a  100-MHz  tr,\n- 

primarily  because  of  difficulties  in  efficient  sient  digitizer,  while  for  the  .icrual  analyses 

sampling  of  monolat’cTs.  We  have  propo.sed,  single-ion  counting  is  carried  our  tvith  an 

however,  that  a  few  atoms  could  be  de-  .implifier-discriminator  coupled  to  a  photon 

sorbed  from  the  top  layer  of  a  solid  by  counter-processor.  The  entire  apparatus  and 

means  of  energetic  ion  bombardment  and  experimental  timing  are  shown  in  Fig.  1. 

that  these  atoms  could  be  selectis’elv  and  The  targets  were  composed  of  high-puritx' 

efficiently  detected  by  MPRI  spectroscop)-  silicon  (.Si),  unifiirmlv  doped  with  indium 

(•f).  A  number  of  groups  h.ive  now  demon-  (In)  at  concentrations  of  2  parts  per  million 

strated  the  feasibilit)’  of  such  an  approach  (ppm),  .^6.5  parts  per  billion  (ppb),  or  3.85 

for  the  characterization  of  ultrapure  materi-  pph  (9).  F..ich  wafer  was  fastened  to  the 

als,  although  theoreticallv  attainable  detec-  manipulator,  which  was  covered  with  either 

fion  limits  have  yet  to  be  .ichieved  (4-7).  We  a  sheet  of  copper  (Cai)  or  Si  to  serve  ,ts  a 

report  the  development  of  a  new  apparatus  Kickplate  ( 10). 

for  MPRI  studies,  featuring  a  time-of-flight  The  desorbed  In  m.iv  be  selectively  excit- 
(TOF)  reflectron-based  detector  coupled  ed  in  a  tme-step  resonance  absorption  (304 

with  a  specially  designed  high-power,  nm,  0.850  m|  per  pulse),  followed  by  ion- 

pulsed  kiltKiectron  volt,  ion  bombardment  ization  with  a  v  isible  phottin  (608  nm,  7.03 

source,  which  allows  mass-resolved  detec-  m)  per  pulse).  This  is  a  suitable  scheme  for 

optimizing  the  signal-to-noise  (S-'N)  ratio 
Dcpirtmcn,  of  (.hon.strv,  Pcnnwlv.,n,a  .S..,tc  I’.mcrs,  P""''-''' 

t\'.  I'nivcrsirv- P.irk,  P.-V  (6802  ultraviolet  (UV)  photon  is  kept  .It  a  low 


level  while  the  powerful  visible  light  is  re¬ 
served  for  the  more  difficult  ionization  step. 
To  minimize  the  effects  of  possible  contami¬ 
nation  or  surface  segregation,  we  sputtcr- 
ctchcd  the  samples  before  each  data  acquisi¬ 
tion  cycle  until  a  steadv-state,  reproducible- 
signal  was  obtained.  The  data  were  then 
.iccumulated  for  5  min  (9000  laser  pulses  at 
a  repetition  rate  of  30  Hz),  after  which  the 
background  signal  was  measured  for  an 
equivalent  period.  In  order  to  detect  single- 
pulses,  we  attenuated  the  photoion  signal 
for  the-  two  most  concentrated  samples  bv 
reducing  the  primarv'  ion  current.  Individual 
determinatiems  were  normalized  to  the  mea¬ 
sured  ion  current  and  laser  power. 

The  TOF  mass  spectra  for  the  Si  target 
doped  witli  2  ppm  In  are  shown  in  Fig.  2. 
Because  the-  laser  bandwidth  is  broader  than 
the  spectroscopic  isotope  shifts,  the  ion  re¬ 
flector  is  ree)uireel  to  resolve  the  two  In 
isotopes.  Ft)r  comparison,  the  same  time- 
interval  was  monitored  with  the  laser 
bliKkcd;  the-  absence-  of  anv  appreciable  sec- 
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Fig.1  .  Schcniatic  kliagr.im  ot  the  MPRI  apparatus 
(topi  and  cxjx'nmcntal  timing  sequence  used  tor 
the  In  in  Xi  expcTiments  (bottom);  A,  duoplas- 
matron  ion  source;  B,  emission  lens;  C\  E  >  B 
filter  (where  /;  is  an  ciLx^tric  field  and  H  is  a 
magnetic  field);  D,  pulse  steering  plates;  E,  puls¬ 
ing  aperture,  K,  refiKiising  lens,  Ci,  extractuMi 
lens;  H,  deriecTion  plates;  I.  ion  rcHector;  I,  lens; 
and  K,  mierothannel  (>lare  tleteeror  Expaiuled 
area  (top  right)  shows  the  overlap  region  of  the 
unfiKUscd  laser  (/ii  )  and  the  desorlx'd  particles 
I'he  sample  is  held  at  a  high  ^'Otenrial  during  the 
time  that  the  ion  pulse  is  incident  on  the  target  to 
accelerate  the  secondarx'  ions  to  high  xeliKities 
rhis  is  reduced  to  the  normal  extraction  xoltage 
(relative  to  the  grounded  extraction  grid)  during 
the  lime  that  the  laser  is  astixe. 


Table  1.  Ml’RI  experimental  data  tor  In  in  Si. 
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'Signal  and  background  arc  c.xprcsscd  a.s  counts  per  yoOO  laser  pulses,  aseraged  over  rhree  analvses.  'Relative 
intcnsitv  IS  derned  b\  normalizing  the  data  tor  each  indisidual  analvsis  to  the  ion  current  and  laser  power  and 
obtaining  a  cumulatne  average  '['he  results  in  this  column  have  been  used  to  generate  the  calibration  plot.  The  error 
limits  are  reponed  at  the  9S%  contidence  le\-ei  from  three  independent  obserx  ations. 


ondan’  ion  .signal  over  this  domain  is  indica- 
tix'c  ot  the  entire  spectrum  and  is  the  result 
tsf  the  energx'-discriminating  capaeitx'  of  the 
ion  reflector  {II). 

The  e.xperimental  parameters  and  results 
are  presented  in  Table  1.  An  analvsis  of  the 
"'in  i.sotope  in  the  3.85-ppb  target  [an 
elfective  concentration  of  165  parts  per  tril¬ 
lion  (ppt)]  has  been  included.  A  plot  of 
relatix  e  MPRI  intensitv  versus  bulk  In  con¬ 
centration  is  shown  in  Fig.  3.  Although  a 
logarithmic  scale  has  been  chosen  for  display 
purposes,  the  results  of  the  least-squares 
analysis  on  the  normalized  linear  plot  denote 
a  slope  of  1.00  ±  0.01.  In  addition,  the  raw 
data  from  the  analysis  of  the  "'in  in  Si 
indicate  a  S/N  ratio  of  -9.  If  we  extrapolate 
to  S/N  =  2  and  scale  the  ionization  efficien¬ 
cy  (from  0.55  to  Ij  (see  below)  and  ion 
current  (from  46  to  100  fcA)  to  obtainable 
v  alues  for  this  apparatus,  a  detection  limit  of 
9  ppt  is  obtained.  Similar  limits  are  found 
from  a  direct  analysis  of  Fig.  3. 

It  is  known  for  this  n-pe  of  ion-induced 
desorption  that  more  than  90%  of  the  eject¬ 
ing  material  originates  from  the  topmost 
layer  of  the  solid  (12).  Furthermore,  t()r  the 
165-ppt  s,ample,  46  (a. A  of  ptimarx-  ion 
current  was  delivered  to  the  sample  in  5.6- 
(is  pulses.  For  the  5-min  accumulation  peri¬ 
od.  this  bombardment  yielded  a  total  dose 
ot  1.5  x  lO"  Ar'  ions  into  the  0.071-cm' 
beam  spot,  corresponding  to  a  removal  of 
2.0  ^  lO"  surtlice  atoms  (0.29  monolaveri 
on  the  assumption  that  the  In  desorbs  at  the 
same  rate  ( 1.4  atoms  per  incident  ion)  that 
has  been  obserxed  for  Si  (/.I),  Given  the 
detection  limit  of  9  ppt,  this  experiment  is 
therefore  sensitive  to  180  atoms.  If  remov  al 
ot  an  entire  monolayer  is  required,  then  a.s 
few  as  640  surface  atoms  may  be  detected. 

The  extrapolation  from  a  concentration  of 
165  ppt  is  justified  on  the  basis  of  two 
criteria.  First,  intensitv  versus  laser  power 
measurements  have  indicated  a  one-photon 
dependence  in  the  In  iVlPRI  signal  until 
saturation  conditions  are  achieved  (5).  If 
saturation  is  assumed  to  correspond  to 
100%  ionization,  then  we  have  been  able  to 
estimate  the  ionization  efficienev  of  our 


experiment  to  be  55%.  Second,  with  the 
present  ion  source,  ~  100  |xA  of  current  can 
be  obtained,  representing  appnvximatclv  a 
twofold  increase  over  the  maximum  currents 
used  for  these  analvses.  V\'c  have  found  that 
the  measured  background  count  does  not 
correlate  with  increasing  primary  ion  cur¬ 
rent  or  energx’,  Interestinglv,  the  back¬ 
ground  appears  to  depend  randomly  on  the 
sample  preparation.  This  may  be  the  result 
of  signifleant  variations  in  the  secondary  ion 
yields  from  different  manipulator  backing 
material  used  in  these  experiments. 

The  results  presented  here  are  made  possi¬ 
ble  by  several  conditions.  Nearly  90%  of  the 
desorbed  In  atoms  are  produced  in  their 
ground  electronic  state  ( 14).  Moreover,  effi¬ 
cient  resonance  ionization  may  be  achieved 
with  relativelv'  low  laser  power  density.  La¬ 
ser  beams  with  large  spatial  extent  may  then 
be  used  to  efficiently  overlap  25  to  75%  of 
the  desorbing  material.  Finally,  the  TOF 
analyzer  offers  an  adequate  degree  of  mass 
resolution  at  a  transmission  in  excess  of  10% 
and  provides  an  efficient  method  for  distin¬ 
guishing  the  signal  from  the  background 
( /.f).  The  reflector  h.is  been  shown  to  atten¬ 
uate  tile  transmission  of  secondary  ions  b\  a 
factor  of  320  because  the  extraction  optics 
preferentiallv  impart  to  these  species  a  veloc- 
itx  greater  than  that  of  the  photoions  (81. 
We  have  been  able  to  further  improve  this 
factor  bv  accelerating  the  desorbed  ions  to 
even  greater  velocities  b\  pulsing  the  target 
with  a  large  positive  volt.ige  (Fig.  1 1.  Fmal- 
Iv,  it  is  imperative  to  utilize  low-intensitx 
L’V  light  fiir  the  reson.ince  step  to  reduce 
the  probability  of  ionization  of  gas  phase  or 
sputtered  impurities  th.it  might  overlap  the 
analyte  peaks  in  the  time  spectrum.  The 
[lossibic  increase  in  noise  as.sociated  with  the 
use  of  excessive  L'\'  laser  power  has  been 
documented  ( 16). 

Although  these  experiments  demonstrate 
that  the  detection  of  a  small  number  of 
atoms  on  a  surface  is  a  realizable  goal,  a 
number  of  possible  instrumental  improve¬ 
ments  might  reduce  our  detection  limits 
further.  For  example,  hv  shortening  the 
duration  of  the  incident  ion  pulse  to  a  few 


hundred  nanoseconds,  it  is  possible  to  in- 
crcMse  the  fraction  of  desorbed  atoms  that 
intersect  the  photon  field  bv  more  than  a 
factor  of  2.  We  believe  that  the  background 
mav  be  reduced  bv  improved  shielding  of 
the  target  from  stray  ions  during  the  time 
that  the  incident  ion  pulse  is  turned  off. 

The  levels  of  detection  reported  here  are 
lower  by  at  least  100-fold  than  anv  previous¬ 
ly  reported  values  (7).  Obviously,  the  prepa¬ 
ration  of  standard  samples  with  such  low 
concentrations  of  analvte  poses  major  diffi¬ 
culties  in  developing  new  applications  that 
exploit  the  power  of  this  methodologv'.  It 
will  also  be  necessary  to  fully  characterize 
the  types  of  species  that  are  ejected.  In  some 
cases,  formation  of  secondary  ions,  mole¬ 
cules,  and  excited  states  may  bleed  intensity 
from  die  ground-state  channel  (5).  The  anal¬ 
ysis  of  the  rather  well-defined,  high-purity 
■Si  targets  in  this  work,  however,  represents 


1  Q 

1 

“T - ! - 1 - 1 - 1 - 1 - 

J 

08 

■Jft 

1 

1  J 

1  ] 

c 

3 

i 

?06 

re 

2 

1 

1 

J04 

'  1 

c 

Si 

i 

\  '^1  ^  J 

.S  0  2 

L  j 

\  )  /  ' 

s 

0, 

s 

V _ 

ool _ I _ I _ I _ I _ I  I _ I  I 

42  7  43  6  44  5  45  4  46  3 

Time  (oS) 

Fig.  2.  Portion  the  TOF  mass  speemm  oh- 
ramed  trom  the  sample  consisting  t)f  2  ppm  In  in 
Si.  The  In  isotopes  are  obsened  at  -43  ^.s.  The 
other  peaks  in  the  spectrum  are  asscKiared  w  ith 
Cais  clusters  originating  from  the  sample  holder. 
For  comparison,  the  same  rime  intersal  as  oh- 
serxed  with  the  laser  blocked  is  shown  at  the 
bottom. 


Fig.  3.  Ihe  MPRI  intensiu'  ot  In  \ersus  the  bulk 
In  ct fiicentration.  I  he  In  reference  Cfincentrations 
( in  atoms  per  subk  sentimeter)  are  I  ^  10’’.  1,83 
■  10'\  I.V2  '  l()'\and8?3  If)''  .See 'Fable 
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an  imponant  beginning  for  this  research.  A 
nuniber  of  otlier  novel  applieatirHis  also 
seem  possible  (/7).  For  example,  it  appears 
feasible  to  colleet  a  small  number  of  atoms 
generateei  in  rare  tuielcar  deeav  events  onto  a 
surface.  Present  efforts  are  aimed  toward 
determining  the  (ip  decav  half-life  of  "'’Xe, 
a  process  predicted  to  yield  annually  one- 
atom  of  ' ''’Ba"  for  e-yen' 8  X  10'"  atoms  of 
'''’Xed^'). 
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Angular  distributions  of  Ga  ions  desorbed  from  GaAs(llO)  surfaces  by  3-keV  Ar  -ion  bom¬ 
bardment  under  low-dose  conditions  have  been  determined.  The  distributions  e.xhibit  a  high  degree 
of  anisotropy  along  the  ( 1(X))  crystallographic  direction  with  smaller  peaks  observed  in  several  oth¬ 
er  specific  directions.  Using  simple  geometric  analyses  and  with  microscopic  insight  extracted  from 
results  of  molecular-dynamics  computer  simulations  on  Sid  10),  wc  have  been  able  to  identify  the 
scattering  mechanisms  that  give  rise  to  these  peaks.  The  most  dominant  feature  is  found  to  arise 
from  a  specific  collision  sequence  wherein  a  surface  atom  is  ejected  by  direct  collisions  with  a 
second-layer  atom  along  the  bond  direction.  This  mechanism  is  interesting  in  that  it  contrasts  with 
the  channeling  and  blocking  mechanisms  previously  reported  for  fee  metals.  The  position  of  other 
peaks  in  the  angular  distributions  have  been  determined  with  use  of  simple  geometrical  arguments. 

We  also  examine  the  expected  effect  of  the  knowrn  GaAsd  10)  surface  reconstruction  on  the  observed 
patterns.  These  results  should  prove  useful  for  testing  molecular-dynamics  calculations  on  ion- 
bombarded  GaAs  targets  and  may  ultimately  lead  to  a  new  approach  to  examining  the  surface 


structure  of  these  types  of  complex  materials. 


1.  INTRODUCTION 


In  recent  years,  there  has  been  significant  progress  in 
understanding  the  interaction  of  keV  particles  with  solids 
on  an  atomic  scale.  Experimental  measurements  of  the 
energy  and  angular  distribution  of  desorbed  particles 
have  been  made  on  a  variety  of  clean  and  adsorbate- 
covered  single-crystal  surfaces. Detection  is  now  pos¬ 
sible  for  both  secondary  ions'  ’  and  neutral  atoms'’ 
desorbed  by  low-dose  ion  bombardment  where  surface 
damage  is  minimized.  An  atomic-level  understanding  of 
these  interactions  has  been  obtained  through  compar¬ 
isons  ,  of  experimental  distributions  and  molecular- 
dynamics  computer  simulations.  These  calculations  yield 
nuclear  motion  of  the  atoms  in  the  solid,  using  many- 
body  potential  functions  to  describe  the  force  fields. 

For  ion-induced  desorption  form  Rh(lll),  an  fee  met¬ 
al,  excellent  agreement  between  the  calculated  and  exper¬ 
imental  energy  and  angular  distributions  of  ejected  Rh 
atoms  has  been  achieved  using  the  embedded-atom 
method  (EAM)  in  dynamical  simulations."  An  important 
mechanistic  feature  which  has  emerged  from  these  and 
related  simulations  is  that  the  ejected  particles  are  strong¬ 
ly  channeled  and  blocked  by  other  surface  atoms.  These 
effects  systematically  influence  the  angular  distributions 
and  allow  for  the  determination  of  the  structure  of  clean 
and  adsorbate-covered  single-crystal  surfaces.' 

There  have  been  several  recent  molecular-dynamics 
simulations  performed  to  examine  the  dynamics  of  ion- 
bombarded  Si  crystals.’”  "  A  basic  understanding  of  the 
response  of  these  materials  to  bombardment  is  important 
in  explaining  the  characteristics  of  microelectronic  de¬ 
vices  constructed  using  ion  implantation  or  reactive  ion 
etching.  These  covalently  bonded  materials  have  been 
very  difficult  to  model  theoretically  because  of  the  direc¬ 

42 


tional  nature  of  the  bonding  and  also  because  of  the 
dramatic  reconstructions  these  surfaces  often  undergo. 
The  latest  results,’  utilizing  an  empirically  derived 
many-body  potential,  suggest  that  the  basic  mechanisms 
of  ejection  of  Si  atoms  are  quite  different  than  the  chan¬ 
neling  and  blocking  mechanisms  that  dominate  angular 
distributions  of  ion-bombarded  metal  surfaces.  The  im¬ 
portant  difference  is  that  for  Si  there  are  large  open  chan¬ 
nels  where  atoms  can  move  unimpeded.  In  addition  to 
the  channeling  and  blocking  mechanisms,  evidence  has 
been  found  for  atom-atom  collisions  that  lead  to  desorp¬ 
tion  along  the  nearest-neighbor  bond  directions.  These 
simulations  qualitatively  support  early  experimental  an¬ 
gular  distributions  for  Si*  desorbed  from  ion  bombarded 
SidOO).'- 

In  this  paper  the  first  angular  distributions  of  ions 
ejected  from  clean  GaAsd  10)  under  low-dose  conditions 
are  presented.  At  this  point,  accurate  many-body  poten¬ 
tial  have  not  yet  been  developed  to  describe  the  response 
of  GaAs  to  energetic  particle  bombardment.  From  a  de¬ 
tailed  analysis  of  the  angular  distributions  of  Ga*  ions, 
however,  we  show  that  the  primary  mechanism  of  ion- 
induced  desorption  differs  substantially  from  that  ob¬ 
served  for  fee  metals.  Specifically,  we  find  that  the  dom¬ 
inant  ejection  mechanism  involves  a  specific  collision  se¬ 
quence  wherein  a  surface  atom  is  ejected  by  direct  col¬ 
lision  with  a  second  layer  atom  along  the  bond  direction. 
These  results  support  the  qualitative  descriptions  of  the 
ion-solid  interaction  event  obtained  from  molecular  dy¬ 
namics  simulations  on  Sid  10)  and  provide  an  important 
base  of  data  for  future  computer  simulations  of  the  ion 
bombardment  of  GaAs.  Moreover,  the  sensitivity  of  our 
data  to  the  nature  of  the  surface  reconstruction  suggest 
that  these  angular  distributions  may  provide  important 
surface  structural  information  from  rather  complex  sys¬ 
tems. 
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II.  EXPERIMENT 

All  measurements  were  performed  using  an  angle- 
resolved  secondary-ion  mass  spectroscopy  (SIMS)  ap¬ 
paratus  described  elsewhere.''  Briefly,  the  ultrahigh- 
vacuum  (UHV)  chamber  was  equipped  with  low  energy 
electron  diffraction  (LEED),  Auger  electron  spectroscopy 
(AES),  a  differentially  pumped  Leyboid-Heraeus  ion 
source,  and  an  E.xtrel  C50  quadrupole  mass  spectrometer 
(QMS).  The  polar  angle  of  detection  could  be  altered  in¬ 
dependently  by  rotation  of  the  differentially  pumped 
QMS  mounting  flange.  The  QMS  was  equipped  with  an 
input  einzcl  lens  with  an  acceptance  aperture  of  1.8  mm 
positioned  .T7  cm  from  the  center  of  the  experimental 
chamber  and  a  90°  electrostatic  sector  for  energy  selec¬ 
tion.  This  results  in  a  total  polar  angular  acceptance  of 
:r3°  and  a  typical  energy  acceptance  of  20.0t0.2  eV.  The 
crystal  manipulator  allowed  independent  translation 
along  three  Cartesian  axes  and  independent  rotation 
around  two  perpendicular  axes  parallel  and  perpendicu¬ 
lar  to  the  sample  surface. 

There  are  three  important  angle  designations  of 
relevance  to  these  experiments.  The  azimuthal  angle  is 
defined  in  the  plane  of  the  crystal  surface,  and  is  refer¬ 
enced  to  the  { 100  >  direction  on  the  surface  as  noted  in 
Fig.  1.  The  incidence  angle  is  defined  as  the  angle  be¬ 
tween  the  surface  normal  and  the  ion  source.  The  polar 
detection  angle  or  ejection  angle  is  the  angle  between  the 
detector  aperture  and  the  surface  normal.  The  three  an¬ 
gles  can  be  determined  to  a  precision  *  1°  and  set  to  an 
accuracy  of  rO.  1°.  The  total  angular  distribution  is  col¬ 
lected  as  a  series  of  azimuthal  angle  scans  at  a  fixed  polar 
angle.  Each  scan  is  obtained  by  rotation  of  the  sample  in 
one-degree  steps  over  three  full  revolutions.  The  angle 
positions  are  set  by  computer  controlled  stepping  motor. 
For  the  data  reported  here,  intensities  of  the  various  az¬ 
imuthal  scans,  taken  on  different  days,  were  normalized 
to  a  scan  of  the  polar  detection  angle.  Azimuthal  scans 
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were  not  corrected  for  the  increase  in  azimuthal  accep¬ 
tance  as  the  polar  detection  angle  was  decreased.  This 
effect  results  in  azimuthal  acceptances  of  3.3°  and  1.5°,  at 
polar  angles  of  25°  and  70°,  respectively. 

L'ndoped,  semi-insulating  GaAs(llO)  wafers  were  ob¬ 
tained  from  M/A  Com  Laser  Diodes.  The  wafers  were 
cleaved  into  pieces  and  degreased  in  trichloroethane, 
acetone,  ethanol,  and  methanol  before  etching  in  a  1:1:5 
solution  of  peroxide:watcr:sulfuric  acid.  The  (110)  face 
was  found  to  be  oriented  within  ±0.5°  by  Laue  x-ray 
diffraction.  Each  sample  was  attached  with  In  to  a  Mo 
block  which  was  mounted  onto  the  manipulator.  Sample 
heating  was  provided  by  an  electron  bombardment  source 
kKated  behind  the  Mo  block. 

All  surfaces  were  prepared  by  cycles  of  ion  bombard¬ 
ment  and  annealing  to  585  °C  for  2  min.  This  procedure 
provided  a  clean  and  ordered  surface  as  determined  by 
LEED,  AES,  and  SIMS.  The  total  ion  dose  during  exper¬ 
iments  was  maintained  at  static  levels  by  limiting  the  ex¬ 
posure  time  to  less  than  one-tenth  of  the  time  required  to 
desivrb  one  monolayer  of  GaAs.  This  was  accomplished 
by  focusing  a  2-nA  beam  into  a  1-mm  spot  located  3  mm 
fn*m  the  rotation  axis  of  the  crystal.  During  an  azimu¬ 
thal  scan  the  entire  wafer  was  slowly  rotated  through 
three  full  360°  revolutions  over  a  time  of  about  45  min. 
To  ensure  that  the  crystal  edges  were  playing  no  role  in 
the  observed  features,  experiments  were  carried  out  on 
two  crystals  of  vastly  different  shapes.  No  distinguish¬ 
able  differences  in  the  patterns  could  be  discerned.  We 
were  only  successful  at  detecting  the  Ga '  ions  under 
static  conditions.  The  incident  ion  flux  had  to  be  in¬ 
creased  to  unacceptable  levels  to  achieve  any  discernible 
As  signal. 

Ion  collection  over  three  full  rotations  served  several 
purposes.  First,  the  influence  of  beam  damage  could  be 
minimized  and  carefully  monitored  since  a  virgin  area  cf 
the  crystal  was  constantly  being  exposed  to  the  beam. 
Second,  the  data  could  be  conveniently  averaged.  Final- 
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FIG.  1.  The  structure  of  the  unreconstructed  GaAsil  lOt  surface.  The  open  and  hatched  circles  represent  Ga  and  As  atoms,  while 
the  larger  and  smaller  circles  represent  atoms  in  the  first  and  second  layers,  respectively.  The  arrows  indicate  the  various  channeling 
and  blocking  directions  suggested  by  this  structure. 
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ly,  each  scan  could  be  set  to  begin  at  the  same  azimuth  at 
which  the  previous  scan  had  ended.  This  feature  provid¬ 
ed  a  consistent  reference  of  the  azimuths  between  scans 
of  different  polar  angles  even  for  dramatically  different 
patterns. 

III.  RESULTS  AND  DISCUSSION 

The  angular  distribution  of  Gc'  ions  ejected  from 
GaAsd  10)  is  shown  in  Fig.  2.  As  seen  in  the  figure  the 
distribution  could  be  obtained  at  each  azimuthal  angle 
between  0°  and  360°  for  a  series  of  polar  angles  between 
25°  and  70°.  These  data  are  clearly  characterized  by  a 
high  degree  of  symmetry  and  anisotropy.  The  striking 
feature  of  our  results  is  the  single,  intense  Ga*  ion  peak 
observed  at  a  polar  angle  of  35°  and  at  an  azimuthal  angle 
of  180°.  Other  features  are  positioned  with  nearly  mirror 
plane  symmetry  about  this  major  peak.  At  higher  polar 
angles,  other  maxima  and  minima  are  observed  at  various 
azimuthal  angles.  It  is  our  goal  to  associate  the^e  aniso¬ 
tropies  with  the  known  surface  structure  of  GaAstllO) 
and  hence  to  determine  the  mechanistic  details  of  the 
ion-solid  interaction. 

The  atomic  structure  of  the  bulk  terminated  GaAs'  1  lOi 
surface  is  shown  in  Fig.  1.  The  surface  chain  appears  as  a 
vertical  zigzag  row  of  alternating  As  and  Ga  atoms.  The 
second-layer  atoms,  as  denoted  by  the  smaller  circles,  are 
positioned  with  a  similar  geometry.  It  has  been  known 
from  LEED  measurements''*  that  the  surface  reconstructs 
extensively  by  a  bond  length  conserving  surface  chain  ro¬ 
tation  of  ~29’.  More  specifically,  reconstruction  in¬ 
volves  the  movement  of  surface  Ga  atoms  into  the  crystal 


surface,  and  away  from  the  second  layer  As  atoms,  while 
the  movement  of  the  surface  As  is  out  of  the  surface,  and 
toward  the  second  layer  Ga  atoms.  This  structure  has 
been  verified  independently  by  a  variety  of  techniques  in¬ 
cluding  angle-resolved  photoemisson,'''*’  isochromat 
spectroscopy.'  ''  medium  energy  ion  scattering, and 
shadow  cone  enhanced  SIMS.'" 

The  most  prominent  features  of  the  angular  distribu¬ 
tion  shown  in  Fig.  2  can  be  explained  in  a  rather  straight- 
fi^rward  fashion  if  it  is  assumed  that  the  most  favorable 
Ga  ’  ion  ejection  mechanism  involves  direct  atom-atom 
collisions  along  the  bond  directions.  For  example,  the 
pronounced  peak  in  the  Ga'  ion  distribution  at  0=35° 
and  <5=180°  would  arise  from  collisions  between  the 
second-layer  As  atom,  As{22),  and  the  surface  Ga  atom, 
Gal  <21,  along  the  direction  of  their  common  bond.  The 
mechanism  is  illustrated  with  arrow  .4  shown  in  Fig.  1. 
Note  that  no  such  mechanism  is  possible  along  <5  =  0°,  ac¬ 
counting  for  a  lack  of  significant  signal  along  this  az¬ 
imuth.  As  we  shall  see.  several  other  peaks  in  the  distri¬ 
bution  may  also  be  explained  in  a  straightforward 
fashion. 

To  more  quantitatively  interpret  the  origin  of  the 
features  apparent  in  Fig.  2,  it  is  really  necessary  to  per¬ 
form  computer  simulations  of  the  ion-impact  event.  Un¬ 
fortunately.  classical  dynamics  computer  simulations  are 
not  yet  available  for  GaAs  crystals  to  help  us  with  this 
prtiblem.  There  have  been  recent  attempts,  however,  to 
determine  the  angular  distributions  of  Si  atoms  ejected 
from  the  Sill  10)  surface.'* '"  It  is  feasible  to  utilize  these 
calculations  in  making  assignments  of  at  least  the  most 
prominent  features  in  the  angular  distributions  measured 


FIG.  2.  The  ion-induced  angular  distribution  of  Ga  ions  des<irbed  by  3-keV  normal  incident  Ar '  ion  bombardment  of 
GaAsIl  10).  The  polar  angle  refers  to  the  angle  of  detection  from  the  surface  normal.  The  azimuthal  angle  is  referenced  to  the  (  100) 
direction  on  the  crystal  surface.  The  energy  o'"  the  ions  detected  was  20.0  •  0.2  e'V,  and  the  distribution  is  shown  for  a  fixed  total  angle 
of  acceptance. 
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from  GaAs.  The  bulk  crystal  structure  of  the  two  ma¬ 
terials  is,  of  course,  closely  related.  Moreover,  previous 
calculations  of  these  distributions  have  shown  that  the 
response  of  a  solid  to  keV  ion  bombardment  is  influenced 
more  strongly  by  structure  than  by  chemical  bonding 
forces.'  The  same  basic  azimuthal  angle  distribution 
is  found  for  Cud  11)'  and  for  Rhd  1 1),*’  for  example,  even 
though  there  may  be  small  differences  in  the  relative  in¬ 
tensities  of  the  maxima  and  in  the  values  of  the  angles  as¬ 
sociated  with  the  peaks  in  the  polar  angle  distributions. 
The  calculated  distribution  of  Si  atoms  ejected  from  an 
artificial  bulk-terminated  Sid  10)  surface  with  kinetic  en¬ 
ergies  between  10  and  30  eV  is  shown  in  Fig.  3.  This  plot 
was  obtained  from  the  calculated  distribution  of  Si  atoms 
by  selecting  only  those  ejected  atoms  that  would  be  Ga 
atoms  in  the  GaAsd  10)  crystal. 

This  distribution  yields  surprisingly  good  agreement 
with  the  experimental  distribution  of  Fig.  2.  A  single, 
prominent  peak  is  found  at  0  =  38“  and  6~  I80“.  Even  the 
smaller  features  near  di  — 90"  and  270°  at  0>  50°  also  seem 
to  have  a  tentative  correspondence  with  the  experimental 
data.  The  computer  simulations  clearly  show  that  a 
significant  number  of  ejected  atoms  that  make  up  the 
peak  along  <J=180°  arise  from  ejection  of  a  surface  Ga 
atom  by  the  direct  collision  of  a  second-layer  As  atom 
along  the  direction  of  their  common  bond.*^ 

This  type  of  mechanism  is  quite  different  than  that  dis¬ 
cussed  for  the  ejection  of  metal  atoms  from  single  crystal 
metal  surfaces.  For  metals,  the  most  important  origin  for 
the  angular  anisotropies  arises  from  channeling  and 
blocking  of  the  ejecting  first-layer  atoms  by  other  surface 
atoms.  Atom-atom  collisions  contribute  only  a  small  in¬ 
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tensity  to  the  distributions.  For  e.xample,  the  Rhd  11) 
surface  with  two  different  threefold  symmetric  open  az¬ 
imuthal  directions  only  displays  a  20%  enhancement  in 
the  neutral  atom  ejection  yield  along  the  “hep"  direc¬ 
tion.'’'  The  classical  dynamics  simulations  reveal  that 
this  effect  is  due  to  a  specific  collision  sequence  of 
second-layer  atoms  colliding  with  surface-layer  atoms 
and  ejecting  them  along  their  bond  directions.  Thus, 
there  is  precedence  for  the  contribution  of  atom-atom 
collisions  to  the  ejection  process,  although  it  appears  to 
be  much  more  important  in  covalent  crystals  such  as  Si 
and  GaAs. 

It  is  instructive  to  quantitatively  compare  the  experi¬ 
mental  and  calculated  values  of  the  polar  angle  of  max¬ 
imum  intensity.  We  believe  it  is  reasonable  to  make  this 
comparison  even  though  we  have  chosen  to  detect  Ga ' 
ions  in  the  SIMS  mode  rather  than  neutral  Ga  atoms. 
Preliminary  experimental  polar  angle  distributions  along 
<5  180°  for  the  neutral  distribution  as  obtained  with  a 

multiphoton  resonance  ionization  detection  scheme,*' 
and  for  Ga  '  ions,  is  shown  in  Fig.  4  Both  distributions 
peak  at  the  same  polar  angle  and  exhibit  the  same  general 
features.  Apparently,  in  this  kinetic  energy  regime,  there 
is  only  a  minimal  effect  of  angle-dependent  ionization 
probabilities  and  of  the  image  potential,  in  contrast  with 
what  has  been  observed  from  metal  surfaces. 

.As  noted  above,  the  Si  yield  along  6  =  180°  maximizes 
at  a  polar  angle  of  38°.  If  the  desorption  of  Si  occurred 
directly  along  the  bond  direction,  it  would  be  expected  to 
occur  at  0=35°,  obviously  very  close  to  the  calculated 
value.  Both  of  these  alues  are  obtained  for  a  bulk- 
terminated  Sid  10)  surface.  For  our  experiments  on 


FIG.  3.  The  calculated  angular  distribution  of  secondary  Si  atoni>.  with  kinetic  energies  between  10  and  .tO  eV.  desorbed  from 
Sid  10)  by  I-keV  Ar  ‘  ion  bombardment.  The  angular  distribution  is  shown  with  reduced  symmetry  to  allow  for  the  direct  compar¬ 
ison  with  the  experimental  Ga  '  ions  distributions  for  Ga  ‘  ions  desorbed  from  GaAs(  1 10). 
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FIG.  4.  The  polar  distribution  of  20-eV  Ga  ions  (solid  lines 
and  Ga  atoms,  with  kinctie  energies  between  20  and  50  eV  (bro¬ 
ken  line)  desorbed  from  GaAsil  10). 


GaAs(llO),  the  peak  in  the  polar  angle  along  <4=  180°  is 
also  observed  at  0=35°.  For  this  system,  however,  the 
topmost  Ga  atom  moves  downward  by  0.50  A  and  the 
topmost  As  atom  moves  outward  by  0.15  A,  This  chain 
rotation  increases  the  As(22) — Ga(22)  bond  angle  to  44° 
with  respect  to  the  surface  normal,  a  value  nearly  10* 
larger  than  that  found  experimentally.  The  difference 
presumably  arises  by  distortions  created  by  As(l2)  and 
As(l3).  After  the  reconstruction  they  are  in  a  position  to 
focus  ejecting  Ga  atoms  closer  to  the  surface  normal.  In 
future  experiments  and  simulations,  it  will  be  interesting 
to  see  if  such  distortions  arc,  in  fact,  quantitatively  cal¬ 
culable.  Such  measurements  would  provide  a  straightfor¬ 
ward  procedure  for  determining  a  number  of  rather  sub¬ 
tle  surface  structures. 

Finally,  the  Si  computer  simulations  suggest  that  u 
significant  portion  of  the  intensity  in  this  major  peak  may 
consist  of  Ga  ‘  ions  ejected  from  the  second  layer  which 
are  focused  into  this  same  angular  region.*'  It  is  not  pos¬ 
sible  for  us  to  experimentally  distinguish  between  first 
and  second-layer  Ga"  ions.  At  this  point,  then,  we  can¬ 
not  confirm  this  intriguing  prediction  of  the  computer 
simulations. 

The  next  set  of  structurally  significant  features  ap¬ 
parent  from  the  distributions  shown  in  Fig.  2  occur  at  an 
exit  angle  of  0  =  45°.  The  azimuthal  angle  distributions 
are  shown  in  Fig.  5,  For  this  case,  an  additional  pair  of 
peaks  is  observed  at  <4=  102°  and  <4  =  252°.  This  structure 
could  potentially  originate  from  a  large  group  of  channel¬ 
ing  mechanisms.  The  computer  simulations  on  Si,  how¬ 
ever,  show  that  these  features  arise  mainly  from  the  ejec¬ 
tion  of  Gal  1 2)  through  the  channel  created  by  As(l2)  and 
Gal  II).  Assuming  that  the  particles  move  midway  be¬ 
tween  As(l2)  and  Ga(ll),  this  direction  is  expected  to  be 
found  at  76°  on  either  side  of  the  <4=180°  azimuth  at 
<4=104°  and  at  <4  =  256°.  These  predictions  are  in  close 
agreement  with  the  peak  positions  shown  in  Fig.  5.  The 
channeling  direction  is  denoted  by  arrow  B  in  Fig.  I  and 
the  relevant  angles  are  summarized  in  Table  I.  We 
suspect  that  this  mechanism  is  made  somewhat  more 


0.2] 

j 

0  W  lj«)  27(^^  ^360 

‘I>(ilcg) 

I  lCi.  5,  The  relative  intensity  of  20-eV  Ga  ions  desorbed 
from  GaAsd  10)  as  a  function  of  azimuthal  angle  at  a  polar  an¬ 
gle  of  45°  from  the  surface  normal. 


favorable  by  the  fact  that  As(l2)  is  moved  up  and  out  of 
the  surface  plane  of  the  reconstructed  surface,  hence 
opening  the  channel  slightly.  The  calculated  distribution 
again  shows  a  component  of  second-layer  atoms  in  this 
peak,  and  thereby  justifies  consideration  of  their  possible 
contribution  to  the  intensity  of  these  peaks.  However,  no 
specific  mechanism  leading  to  the  focusing  of  second- 
layer  atoms  into  these  peaks  can  easily  be  found.'*  The 
fact  that  the  experimental  azimuthal  spectra  do  not  ex¬ 
hibit  perfect  experimental  mirror  plane  symmetry  about 
180°  azimuth  is  presumably  a  manifestation  of  unknown 
imperfections  in  the  GaAsd  10)  crystal  surface.  These 
small  asymmetries  are  only  apparent  at  polar  angles 
greater  than  40°,  angles  where  these  effects  might  be  ex¬ 
pected  to  most  strongly  influence  the  results. 

A  similar  azimuthal  angle  distribution  is  obtained  at 
0  65°  as  shown  in  Fig.  6.  In  this  case,  however,  a  small 
peak  at  <4  =  0°  is  observed,  presumably  due  to  channeling 
of  Gat  12)  along  this  direction  after  it  has  received 
momentum  from  lattice  atoms  moving  in  random  direc¬ 
tions.  Moreover  the  computer  simulations  show  that  by 
Asd5)  and  Asd6)  the  channeling  mechanism  B  is  no 
longer  possible.  Instead,  Gal  12)  is  ejected  by  As{13)  after 
the  latter  has  been  driven  down  into  the  crystal.  For 
metal  surfaces,  this  has  been  referred  to  as  the  “up- 
down”  mechanism,  and  it  generally  propagates  through  a 
close-packed  row.  The  GaAs  lattice  is  much  more  open, 
so  Gal  12)  may  escape  directly  along  the  As(l3) — Gal  12) 
bond  axis.  This  mechanism  is  denoted  by  arrow  C  in  Fig. 

1  and  should  occur  at  <4  =  55°  and  <4  =  305°  as  summarized 
III  Table  I.  Note  that  the  experimental  values  of  <4  =  52° 
and  <4  =  306°  are  in  close  agreement  with  this  assignment. 

Two  sets  of  minima  are  apparent  in  Fig.  6.  The  first  set 
is  seen  at  <4  =  26°  and  <4  =  334°  and  is  due  to  blocking  of 
Gal  12)  by  Asll5).  The  second  set  is  seen  at  <4=  1 16°  and 
<4  =  237°  and  is  due  to  blocking  of  Gal  12)  by  Asll2).  The 
mechanisms  are  denoted  by  arrows  D  and  E,  respectively, 
and  are  also  summarized  in  Table  I. 

In  general,  there  is  close  agreement  between  the  posi¬ 
tions  of  the  peaks  and  valleys  of  the  azimuthal  distribu¬ 
tions  as  expected  from  simple  trigonometric  arguments 
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t'omparison  of  calculated  and  measured  cliunncling  and  blocking  features  on  GaAsd  10). 
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without  including  the  influence  of  the  GaAsd  10)  surface 
reconstruction  on  these  distributions.  The  net  effect  of 
the  reconstruction  is  to  shorten  the  lateral  spacing  of  the 
surface  Gu  and  As  atoms,  thereby  increasing  the  expect¬ 
ed  angular  spacing  of  the  blocking  features.  The  chain 
rotation  of  29*  results  in  a  change  of  the  predicted  posi¬ 
tions  of  the  appropriate  maxima  and  minima  by  only 
about  3°.  This  small  difference  is  really  beyond  the  error 
limits  of  our  simple  models.  Moreover,  at  this  stage  it  is 
not  completely  clear  how  to  assign  a  specific  angle  to  a 
blocking  feature.  In  the  absence  of  any  model  of  the 
shape  of  these  features,  the  blocking  angle  was  arbitrarily 
determined  at  the  intensity  minima.  Other  scenarios  for 
picking  this  angle  arc  equally  likely.  For  instance,  along 
the  180’  azimuth  it  can  be  seen  that  inner  edges  of  the  As 
atoms  are  quite  close  to  the  ejecting  Ga  atoms.  These 
ejecting  atoms  arc  likely  to  interact  strongly  with  both 
surface  As  atoms.  This  three-body  interaction  would  re¬ 
sult  in  intensity  distributions  whose  edges  near  the  180° 
azimuth  arc  displaced  away  from  the  azimuth,  resulting 
in  error.  We  believe  that  both  the  surface  reconstruction 
and  distortions  due  to  the  blocking  atoms  are  playing  a 
role  in  the  quantitative  discrepancy  observed  along  the 
180°  azimuth,  hut  the  qualitative  agreement  certainly 


supports  our  assignments. 

The  anisotropy  observed  at  0~45‘  is  extremely  sensi¬ 
tive  to  ion  damage  of  the  surface.  The  ion  yield  at  a  45° 
degree  angle  of  detection  under  two  different  ion  fluxes  is 
shown  in  Fig.  7.  The  solid  line  shows  the  ion  yield  with  a 
beam  current  of  1.6  nA  while  the  dotted  line  is  the  ion 
yield  of  the  next  consecutive  scan  where  the  beam  current 
has  been  increased  to  5.5  nA.  These  data  demonstrate 
not  only  the  reproducibility  of  the  three  peaks  observed 
along  the  180*  azimuth,  but  also  the  decay  of  signal  as  a 
function  of  ion  dose.  It  should  be  noted  that  the  curve  at 
lower  ion  fluence  shows  no  significant  decrease  in  peak 
intensity  over  the  three  revolutions,  while  the  high 
fluence  curves  shows  a  continuous  decrease  in  signal  in¬ 
tensity.  The  patterns  of  desorption  from  surfaces  having 
sustained  a  significant  amount  of  ion-induced  damage 
have  also  been  determined,  and  differ  drastically  from 
those  of  ordered  surfaces.  For  instance,  the  pattern  at  45* 
angle  of  detection  from  a  heavily  damaged  surface,  seen 
in  Fig.  8,  shows  only  one  broad  peak  at  the  180*  azimuth 
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FIG.  6.  The  relative  intensity  of  20-cV  Ga '  ions  devirbed 
from  GaAsd  10)  as  a  function  of  azimuthal  angle  at  a  polar  an¬ 
gle  of  65*. 


FIG.  7.  The  relative  intensity  of  20-eV  Oa  '  tons  desorbed 
Irom  GaAsd  10)  obtained  during  three  complete  revolutions  of 
the  crystal  at  a  polar  angle  of  45*  with  ion  beam  currents  of  1.6 
nA  (solid  line)  and  5.5  nA  (broken  line),  he  intensity  of  the  dis¬ 
tribution  at  1.6  nA  has  been  multiplied  by  3.6  to  provide  for  the 
direct  comparison  of  the  two  turves. 
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in  contrast  wtth  the  three  sharp  peaks  observed  from  an 
ordered  surface. 

The  sensitivity  of  the  characteristtc  three-peak  pattern 
of  the  a/.imuthal  distribution  at  a  polar  angle  of  45”  was 
exploited  as  an  in  situ  monitor  of  ion-induced  damage. 
After  each  cycle  «>r  ion  bombardment  and  annealing,  an 
azimuthal  scan  at  a  polar  angle  of  45*  was  collected.  The 
resulting  anisotropy  was  used  as  the  criterion  for  continu¬ 
ing  the  experiment  by  changing  the  polar  angle  of  detec¬ 
tion  and  collecting  more  azimuthal  spectra  or  terminat¬ 
ing  the  experiment  due  to  poor  surface  order.  Also,  at 
the  end  of  each  scries  of  experiments  a  scan  of  the  azimu¬ 
thal  distribution  at  a  polar  angle  of  45”  was  acquired  to 
judge  the  cumulative  effect  of  the  total  ion  dose. 

A  few  final  aspects  of  the  angular  distributions  deserve 
further  discussion.  First,  in  each  azimuthal  spectra  there 
exists  a  significant  baseline  signal.  This  signal  is  believed 
to  be  due  to  disordered  areas  of  the  surface  generated  by 
either  the  ion  bombardment  or  annealing.  In  Figs.  2  and 
6,  the  intensity  minima  around  the  180*  azimuth  do  not 
dip  to  zero  signal  levels  and  are,  in  fact,  unequal  in  inten¬ 
sity.  The  failure  to  drop  to  zero  intensity  is  also  attribut¬ 
ed  to  disordered  areas  of  the  surface,  while  the  unequal 
intensities  may  arise  from  the  presence  of  regions  of  the 
surface  with  an  overlayer  of  metallic  Ga.  We  believe  that 
this  overlayer  exists  as  a  "raft"  similar  to  that  formed  by 
Al  (Ref.  22)  and  is  always  present  after  ion  b<imbardmciit 
or  heating. 

IV.  CONCLUSION 

We  have  presented,  for  the  first  time,  the  angufar  dis¬ 
tribution  of  Ga  ’  ions  desorbed  from  the  GaAsd  10)  sur- 


t.ivV  by  ,LkcV  Ar  -Kill  bombaidmcnt.  From  a  simple 
geometric  analysis  of  the  ion-induced  desorption  pattern, 
we  (ind  that  the  mechanism  of  'on  ejection  from  this  sur¬ 
face  is  drastically  difTcrent  from  the  blocking  and  chan¬ 
neling  observed  previously  on  metal  surfaces.'  '' 
Speeilically.  the  ejection  of  Ga  ions  into  a  single  peak, 
al  35'  from  the  surface  normal  and  along  the  180’  az- 
imutli,  dominates  the  distribution  and  is  attributed  to  a 
direct  ejection  mechanism  in  which  a  second  layer  As 
atom  collides  with  a  surface  Ga  atom,  causing  it  to 
desorb  along  their  common  bond  direction.  Although 
the  geometric  analysis  provides  an  excellent  qualitative 
explanation  of  the  observed  desorption  pattern,  some 
quantitative  disagreements  remain  between  the  geometric 
analysis  and  the  observed  distribution.  'Phe  development 
of  a  suitable  potential  for  use  in  full  dynamics  caleula- 
tions  of  the  ion  bombardment  of  GaAs  should  allow  for 
the  resolution  of  the  uncertainties  that  exist  in  the 
analysis  and  provide  for  the  accurate  determination  of 
surface  structures  from  the  angular  distributions  of  ion- 
mdueed  secondary  ions. 

We  believe  that  this  work  has  demonstrated  that  the 
angular  distribution  of  secondary  ions  contains  a  wide 
variety  of  information  about  both  the  surface  structure 
and  the  mechanisms  of  momentum  transfer  which  result 
III  ion  desorption.  The  results  not  only  serve  to  increase 
our  understanding  of  the  ion-solid  interaction  itself,  but 
.ilso  suggest  that  angle-resolved  SIMS  may  become  a 
unique  tool  for  the  characterization  of  a  wide  variety  of 
complex  structures  associated  with  semiconductor  sur- 
f.ices.  Of  particular  interest  is  the  study  of  molecular 
beam  epitaxially  grown  GaAs(KX))  which  displays  a  num¬ 
ber  of  surface  reconstructions.  These  surfaces  can  be 
prepared  in  our  growth  chamber  and  transferred  under 
I'llV  conditions  to  our  analysis  chamber. 
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